Experiments and analyses (Hughes et al., JASA, 2009) on the relationship of body surface displacements with external acoustic pressure measurements while cicadas are generating mating calls resulted in the conclusion that the relationship is substantially nonlinear. The present analysis assesses whether the propagation through the air is nonlinear propagation. Suspicion that such might be the case is suggested by the fact that the sound levels at 90dB within less than a meter of the sounding cicada. Computational results reported in the present paper indicate that nonlinear effects are likely to occur very near the body surface. A suggested explanation is based on the observation that the displacement of the body surface varies with position over the surface. The time history of displacements at different points along the body surface is not as repetitive during successive tone burst generations as is the total volume displacement of the surface. This is consistent with the observation that buckling of the long ribs in the tymbals may be the ultimate cause of the surface displacement vibrations.
INTRODUCTION
The origins of this research began with the objective to understand the cicada sound system due to the fact the cicada occupies a physically small space, which is typically less than 3 cc. However, for its size the cicada emits one of the loudest sounds in all of the animal kingdom. Nevertheless, the ultimate goal is to transfer this biotechnological feat to a man-made transduction system of similar proportions. Current literature does not account for the sound radiation capabilities of the cicada. Most articles describe the cicada structural acoustic anatomy as a linearly modeled type of Helmholtz resonator. The cicada's sound system consists of a pair of rigid abdominal membranes called tymbals. The sounds made by these tymbals are amplified by the hollow abdomen functioning as a tuned resonator, as described by current research. Nevertheless, the tuned linear resonator explanation in the current literature does not account for the sound radiation capabilities of the cicada [1] [2] . Since the primary results produced by the cicada researchers [1, 2] were based on linear assumptions, this project is based on the hypothesis that the cicada sound generation is nonlinear. After a comprehensive review of the prominent journal articles on cicada sound production, with exception to reference 4 by the author, there remains no clear evidence of nonlinearity in the cicada mating call. Unfortunately, linear models are not sufficient to capture the dynamics of buckling tymbals and changing volume of the abdomen. Structural buckling is well recognized as a nonlinear phenomenon among researchers [3] . Also, the changing volume of the abdomen (e.g., time varying boundary conditions might easily induce nonlinearity). Hence, the abdomen could well be modeled as a nonlinear type of Helmholtz resonator. The nonlinear mathematics performed during previous research from this investigation confirmed that nonlinear dynamics are present in the cicada call [4] .
NONLINEARITY IN CICADA MATING CALL
The Volterra expansion is a useful system identification tool, which determines what orders are present in the analyzed system. Figure 1 describes a generic system with a general system excitation input X and response output Y, where the X component is chosen as the cicada tymbal-abdomen combination and the Y component is the microphone output of the cicada vocalization of our experimental cicada system, and where X and Y are separated temporally and spatially in the (air) medium, whose response function is represented by a kernel H. Identified in Figure 1 is the cicada and microphone apparatus used during testing. Measurement of tymbal displacement over time was achieved by laser vibrometry with live specimens (se reference, 4). However, the Volterra system analysis technique extends beyond the cicada. For example, a shallow channel analysis would follow the same input to output analysis. If a signal is broadcasted into the channel and an output is recorded, the Volterra analysis is capable of describing the channel in terms of its first-order, second-order, and third-order components. Additional higherorder components are more difficult to obtain as a result of the "curse of dimensionality," (COD) which is described in more detail later. FIGURE 1. Describes input-to-output relationship for any system and the cicada is used as the example.
The box labeled "System" incorporates the system kernel response component, H.
Furthermore, the Volterra method is a nonlinear least squares fit used to verify the presence of nonlinear behavior in the cicada mating call with the aid of laser (input) and microphone (output) measured data. The standard Volterra expansion for a one-input system takes the form Choose the model such that it minimizes the error between z(n) and the model output y(n).
For a "two-input" model such as the case for a two-tymbal excitation a generalization is given by the following expression:
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It is useful to consider the equivalent frequency-domain descriptor of the first-order frequency-domain kernel with the inverse Fourier transform
where the bandlimited frequency-domain kernel respectively. This increase in the number of coefficients is referred to the COD.
After calculating the Volterra Expansion with different s K ' the technique indicates the contributions of the secondorder cross-component solution contributes approximately 36% of the Volterra solution. Also, the first-order solution contains 16% of the Volterra solution, which also indicates significant nonlinearity in the cicada call. These Volterra solution percentages indicate that the cicada mating calls have a significant portion of the signal in higherorder components and thus nonlinear terms. However, these Volterra expansion solutions require several algorithms to avoid unwanted noise contributions to the higher-order component solutions. One example of a process to circumvent the least squares method of over fitting higher-frequency components as noise is explained by taking a numerical example. Let bandwidth be 6 kHz. First, perform a least-squares fit over (0:6) kHz. Retain the coefficients and only corresponding to the band (0:5) kHz. Discard the edge coefficients corresponding to (5:6) kHz, because they are expected to be in error. Next, perform a separate fit over the (4:10) kHz band. Retain only the coefficients pertaining to the interior (5:9) kHz band. Discard both edge coefficients corresponding to bands (4:5) kHz and (9:10) kHz. Next, fit over (8:14) kHz. Retain only the coefficients for (9:13) kHz. The general procedure is now obvious. In this manner, although 6 kHz is fit at a time, only the interior 4 kHz coefficients are retained, because these are the coefficients expected to be correct. The overlaps in frequency, for each successive fit, are necessary in order to be able to discard edge coefficients that are not considered trustworthy. Therefore, the Volterra solutions involve careful consideration of the numerical effects of the least squares and frequency analysis involved in estimating higher-order components as described in reference 5.
